Introduction
Gaucher disease is the most common of the glycolipid storage diseases. It is caused by an inherited deficiency of the acid glycohydrolase glucocerebrosidase. Recently, methods for the molecular diagnosis of this disorder using the polymerase chain reaction (PCR) have been developed (1, 2) . However, the evaluation of PCR results is confounded by the presence of a glucocerebrosidase pseudogene -16 kb downstream from the functional gene (3, 4) . This pseudogene is not only closely homologous to the glucocerebrosidase gene, but the sequence of a portion of the normal pseudogene is identical with one of the mutations of the true gene that causes Gaucher disease.
A potential means ofcircumventing this difficulty might be to examine cDNA instead of genomic DNA. In investigating this approach to the evaluation of the glucocerebrosidase gene in cultured fibroblasts and transformed lymphoblasts, we have discovered that the glucocerebrosidase pseudogene is regularly transcribed at a high level in these cells. Examination of the splicing pattern of the pseudogene mRNA has provided addi-This is publication number 6287-MEM from the Research Institute of Scripps Clinic. 
Methods
Sequence analysis of cDNA clones. Using standard methods (5) , a cDNA library was prepared in lambda Zap I from skin fibroblast cultures obtained from two unrelated patients with Type I Gaucher disease who had been found to have the common Jewish mutation at NT 1226 on one allele and none of the known mutations on the other. We use a question mark to designate a Gaucher disease allele, as defined by phenotypic expression, but one that does not contain the mutations that have been described at nucleotides 476, 764, 1090, 1266, 1361, 1448, or 1504. Hence, these subjects are designated as possessing the 1226/? genotype. The libraries were screened with oligonucleotide probes specific to the 5' (5'-AGGATAGAGGATCCAC-TAAA-3') and 3' (5'-CGTCGCCAGTGATGGAGCAGA-3') ends of the glucocerebrosidase cDNA. The sequences are identical in the active gene and the pseudogene. Selected clones were sequenced using the chain termination method (6) . Nucleotides were numbered from the upstream ATG (7, 8) , the A being assigned number 1.
Studies of cellular RNA by the polymerase chain reaction (PCR).
Total RNA was isolated from lymphoblasts or fibroblasts from thirteen Gaucher disease patients, one Gaucher disease heterozygote, and four normal subjects. The cells were dissolved in guanidine thiocyanate, and the RNA was pelleted through a cesium chloride cushion. After phenol-chloroform extraction and ethanol precipitation, the RNA concentration was estimated by measuring the optical density at 260 nm. Poly A' RNA was isolated from total RNA by binding to and then eluting from an oligo d(T) cellulose column.
3-5 gg of total RNA or 50-200 ng of Poly A' RNA were alcohol precipitated and Iyophilized to serve as templates for first strand cDNA synthesis. The RNA pellets were resuspended in 8 ,ul diethylpyrocarbonate-treated H20 containing 250 ng of a 3' oligonucleotide primer complementary to nucleotides 1621-1639 of the glucocerebrosidase cDNA and heated to 65°C for 5 min. Then, 12 ,ul of a first strand cDNA synthesis reaction mixture was added so that the 20-MUl system contained 0.5X PCR buffer (9), 1 mM each of dATP, dGTP, dTTP and dCTP, 1 U of RNase block (Stratagene, La Jolla, CA) and 25 U of AMV reverse transcriptase. After incubation at 42°C for 60 min and 65°C for 5 min, 20 ,d ofthe first strand cDNA was diluted with 80 ,u of a PCR reaction mix containing 250 ng of the 5' oligonucleotide extending from nucleotide 1225 to 1244 ofthe glucocerebrosidase cDNA and final concentration of 0.5X PCR buffer (9), 5% DMSO, 1 mM each dNTP, and 3.5 U of Taq polymerase. These primers flank the 55 nucleotide deletion in the pseudogene. Thus, a cDNA strand from the pseudogene would create an amplified segment 360 bp in length and a 415-bp segment would be formed when the cDNA had been derived from mRNA from the true gene. Contaminating genomic DNA would give a segment 879 nucleotides in length for the true gene and 824 nucleotides for the pseudogene because two introns are present between the two primers used. PCR was carried out for 30 cycles by denaturing at 92°C, 30 s, annealing at 58°C for 30 s, and extending at 72°C for 30 s.
After PCR, the fragments were phenol-chloroform extracted, ethanol precipitated, and redissolved in 100 Ml of ST.1E. [5] [6] [7] [8] [9] [10] Al were loaded on 0.7% acrylamide gel in 0.5X TBE and electrophoresed at 25 mA for -1 h. The gels were stained with ethidium bromide.
Results
Analysis of cDNA clones. The results of sequence analysis of cDNA clones are summarized in Table I and in Fig. 1 .
One of the clones (310-20A) derived from the first patient (M.J.), was sequenced from nucleotide 521 to 2151. The sequence corresponded exactly to that of normal cDNA as published previously. A second clone (310-5) from this patient was sequenced only in exons 9 and 10 and was found to have a sequence that corresponded to normal with the exception that nucleotide 1226 was G instead ofA. The 5' end ofa third clone (310-20C) consisted of the last 54 bp of intron 4, exon 5, and the remaining exons (3) to nt 1673. The sequence that was found was identical to that of the exons of the pseudogene except at nt 812 where a C, like that of the normal gene, was found rather than the G found in the pseudogene.
Three independent clones from the second patient (G.S.) were also investigated. One of these GSII-13 was a full length cDNA that contained the mutation at nucleotide 1226, and was sequenced only in the area of this mutation. With the exception of this expected A --G substitution, the sequence was normal. Two other clones extended from upstream of the first start codon to the poly A tail. Both lacked exon 2, the first 106 nucleotides of exon 3, and exon 4. Both had the 55-bp deletion in exon 9 that is characteristic ofthe pseudogene. One of the clones GSII-9 was sequenced in its entirety and, except for the missing portions alluded to above, had a sequence identical to the exons of the pseudogene.
Analysis offragments produced in the polymerase chain reaction. The results of a typical experiment are shown in Fig.  2 and all of the data are summarized in Table II . The 360-bp segment, representing amplification ofthe pseudogene-derived cDNA was present in all samples in addition to the expected 415-bp fragment. To identify whether the amplified fragments actually represented glucocerebrosidase or glucocerebrosidase pseudogene sequences, they were transferred from the gel to nitrocellulose by the method of Southern (10) . They were then probed with a 2.2-kb 32P-labeled glucocerebrosidase probe. Both the 360and the 415-bp fragments hybridized with the probe.
Further verification of the identity of the amplified DNA segments was achieved by eluting each fragment from the gel and reamplifying each under the same conditions that had been used in the first amplification. Each fragment was then digested with Bam HI. There is one restriction site for this enzyme at nucleotide 1629. The enzyme should cleave the amplified segment from the true gene into fragments 311 and 104 bp in length, while the pseudogene-derived fragment would be 256 and 104 bp long. The expected bands were found on electrophoresis of the digests made from the reamplified 415 and 360 bp fragments.
There was considerable variation in the relative proportions of pseudogene cDNA and functional gene cDNA produced by PCR, reflecting, presumably, the amount of mRNA in the original samples. In some instances, the amount of pseudogene and functional gene DNA was approximately equal; in other samples, the amount of DNA produced from the functional gene cDNA was approximately one order of magnitude larger than the amount of DNA from the pseudogene. These findings were reproducible both when the same RNA sample served as a starting point and when another RNA preparation was made. It did not appear to depend on whether fibroblasts or lymphoblasts served as the source material.
Discussion
Pseudogenes may be defined as homologues of normal genes that no longer make a gene product. Pseudogenes with introns presumably arise as a result of tandem duplication of genes with a loss of function as a result of divergent evolution; the existence of the normal copy of the gene may suffice for the needs ofthe organism, so that mutations ofone ofthe copies is tolerated. "Processed" pseudogenes lack introns, and presumbp 622 -
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ably are written into the genome from processed mRNA by reverse transcriptase.
The glucocerebrosidase pseudogene contains introns and presumably arose from the glucocerebrosidase gene by tandem duplication. This event apparently occurred relatively recently in evolution. The mouse genome does not appear to contain the pseudogene (1 1), and the human pseudogene has a high degree of homology with the true gene, particularly so at the 3' end.
Most pseudogenes are presumably transcriptionally and translationally silent, but there are exceptions. Transcripts of the interferon pseudogene have been found (12) , and the processed phosphoglycerate kinase pseudogene is transcribed and translated into enzyme in the testis (13) . The latter might therefore be designated a pseudo-pseudogene.
When tandem duplication of a gene occurs as the first step in the formation ofa pseudogene the duplicated genes are both functional. When the gene that is fated to become the pseudogene loses its function, there is no longer any selective pressure against further changes. For this reason, its promoter regions would eventually be expected to lose the ability to initiate transcription. The glucocerebrosidase pseudogene is certainly nonfunctional in the production of enzyme. Numerous point _ gene pseudogene -gene cDNA -pseudogene cDNA The first strand cDNA template used for PCR in the channels marked N was from subjects without Gaucher disease. Channel 5 (H) template was from a heterozygote for Gaucher disease with the ?/N genotype. The channels marked G used as template first strand cDNA from patients with Gaucher disease with the following genotypes: (6) 1226/1226; (7) 1226/?; (8) 1226/?; (9) 1226/?; (10) 1226/?. The bands sized 415 and 360 bp are formed from mRNA produced by the true gene and by the pseudogene, respectively. The size difference is due to the 55-bp deletion known to exist in exon 9 of the pseudogene. The much larger fragments represent 879-and 824-bp fragments DNA amplified from genomic gene and pseudogene DNA, respectively, contaminating the preparation, since there are two introns between the two primers. The doublets seen faintly in channels 1 and 7 and distinctly in channels 3 and 4 are of unknown origin. G mutations and the loss ofa 55-bp segment have deprived it ofa long open reading frame. Nonetheless, it is apparent that the glucocerebrosidase pseudogene is so young that it has not yet lost all transcriptional activity. This may have been predictable, since Reiner et al. (14) have already demonstrated that the pseudogene promoter had some activity when attached to a reporter gene. What is especially remarkable is that judging by the amount of DNA amplified using PCR, the amount of pseudogene mRNA is sometimes quite comparable to the amount of normal mRNA. While PCR is not ordinarily a quantitative technique, several investigators (15) (16) (17) have recently proposed methods for quantitation of mRNA by PCR. In each of these methods, an internal standard is used. It consists of RNA amplified by the same primers that are employed to amplify the RNA of interest. In each case, the ratio of the signals ofthe two RNAs then served as a means ofquantitating the RNA of interest. The technique used here is identical in principle to these methods, suggesting that the ratio ofthe two signals to one another is a valid measurement of the relative amounts of the two types of messenger. The number of pseudogene clones we found in cDNA libraries confirms that transcription occurs at a high level. Moreover, it rules out the possibility that the pseudogene-derived messenger was actually a result of allele skipping. Two groups of investigators have reported the analysis of glucocerebrosidase poly A' RNA using S1 nuclease and RNase I analysis. Graves et al. (18) demonstrated the existence of a poly A' RNA that is truncated at the 3' end. However, the nondenaturing gels used in the analysis would not detect in-sertions, deletions, alternative splicing, or nucleotide substitutions present in the body of the RNA molecule. Reiner et al. (14) used denaturing gel electrophoresis to examine RNAs hybridizing to an exon 3 probe. Although the band representing complete hybridization was the major species, other bands representing truncated or mutated variants ofexon 3 were also present. Neither of these studies is inconsistent with the presence of a pseudogene-encoded RNA. Comparison of the consensus splicing sequences of the glucocerebrosidase gene with the homologous portions of the pseudogene reveals that the 5' (donor) sites of introns 2 and 4 have been destroyed (3) (Fig. 1, arrows) . In each case, the GpT that must begin each intron has been changed to a GpA. In none of the other introns have the 6 nucleotides that form the 5' consensus ( 19) been altered. In the case of the 3' (acceptor) sites, none of the critical ApG sequences have been altered and only a single alteration is present in any of the 15 nucleotides that form the consensus sequence (19) . This changes a C --T at the nucleotide -14 of the acceptor site of intron 7, does not change the strength of the consensus; T is the preferred nucleotide at this site ( 19) . The fact that exon 2, the 5' portion of exon 3, and exon 4 were missing from processed transcripts provides some interesting insights into the mechanism of splicing. In each case, the exon upstream of the destroyed donor site has been deleted ( Fig. 1 ). Similar observations have recently been reported in the cases of mutated splice donor sites ofthe /# subunit ofleukocyte integrins (20) and ofpro-a-a collagen (21) . In each case, the exon upstream of the donor splice site mutation was deleted. Apparently, the nearest upstream donor site does not use its own normal acceptor, but rather one downstream from the mutated donor site. Thus, processing behaves as if so-called "receptor" sites scan in the 5' direction until they encounter a normal "donor," splicing out exons 5' to mutated donor sites. This phenomenon is consistent with the findings of Aebi et al. (22) and earlier investigators. Apparently, the first step in the splicing process is cleavage of the 5' splice site. When this cleavage is prevented by a mutation, a "super lariat" that contains the exon immediately upstream from the 5' mutation is formed.
The transcription of the glucocerebrosidase pseudogene is probably quite unusual although not entirely unique. There is considerable subject-to-subject variation in the relative amounts of transcripts derived from gene and pseudogene. This could be due to polymorphisms in the promoter regions of the pseudogene or to polymorphisms affecting stability of pseudogene-derived mRNA.
The practical consequence of our findings is that cDNA libraries must be used with extreme caution for the genotyping of patients with Gaucher disease; in some cases, the amount of pseudogene-derived mRNA seems to be quite comparable with the amount of mRNA derived from the active gene. If glucocerebrosidase promotor mutations exist, it is even possible that all of the cDNA in a library might be from the pseudogene.
